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Abstract 
Thin film nanocomposite (TFN) membrane with graphene oxide (GO) 
embedded into the polyamide (PA) selective top layer has been developed for 
salt removal. 0.1 wt% of GO were dispersed in the trimesoyl chloride (TMC) 
organic solution and incorporated into the PA layer during interfacial 
polymerization with piperazine. The fabricated TFN membrane was 
characterized in terms of the membrane morphological structure and surface 
hydrophilicity. The divalent magnesium sulfate (MgSO4) salt removal 
performance of the TFN was evaluated and compared with the thin ﬁlm 
composite (TFC) counterpart. The surface morphology of the TFN 
membranes was altered and the surface hydrophilicity was increased with the 
presence of GO. The incorporation of GO has improved the permeate water 
flux, in which maximum improvement of 140% compared to that of TFC has 
been obtained, without sacrificing much on the salt rejection properties. 
Although further investigation is required, this study has experimentally 
verified the potential application of GO to heighten the salt separation 
performance of TFN membranes. 
Keywords: GO, Thin film nanocomposite, Desalination, MgSO4 salt, Piperazine. 
 
1. Introduction 
Seawater and brackish desalination is an assuring option for a reliable supply of 
clean water for many municipalities and water suppliers to cope with increasing 
water demand [1]. In order to further heighten the performance of current 
desalination technologies, the search for alternative advanced materials with desired 
captivating characteristics has gained the attention of the entire research 
community. A new generation of thin film nanocomposite (TFN) membranes has 
been predominantly used for seawater desalination. This nano-enabled desalination 
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material has evolved based on the incorporation of nanoparticles within the 
membrane thin salt rejection layer or the underneath polymer substrate layer to 
facilitate tremendous enhancement in water permeability while maintaining 
promising solute rejection and providing antifouling properties [2, 3]. Recently, 
considerable number of studies have demonstrated that TFN membranes developed 
by incorporating carbon nanotubes [4], titanium dioxide [5], silica [6] and zeolite 
nanoparticles [7] into the thin film structures could significantly improve the 
nanocomposite membrane properties to impressively surpass that of commercially 
available nanofiltration or reverse osmosis (RO) membranes. 
Graphene-based nanomaterials has been the hotspot in multidisciplinary areas 
owing to their outstanding physico-chemical properties. Particularly, graphene 
oxide (GO), which is endowed with high hydrophilicity due to the presence of 
abundant oxygen containing functional groups such as hydroxyl and carboxyl 
groups, has been extensively used as nanofiller for the fabrication of polymer 
nanocomposite membrane [8]. The attractive properties of ultrathin GO sheet to 
render new opportunities for advanced water treatment technologies based on their 
outstanding mechanical strength, high flux and selectivity as well as fouling 
resistance have been evidenced in several recent works [9-11]. Particularly, the 
superior capability of GO sheets to allow ultra-fast water ﬂow in their nano-channel 
planars while hindering the passage of other unwanted species through carefully 
controlled pore sizes and functional groups available at the nanopores have opened 
new doors for the development and design of new class of desalination membrane 
[12, 13]. Additionally, the facile synthesis of GO for mass-production also offers 
possibilities for the fabrication of next generation cost effective and sustainable 
TFN desalination membranes [14, 15].  
Recently, several experimental studies have been conducted to investigate the 
feasibility of GO in seawater desalination [16, 17]. Enhanced hydrophilicity, flux 
and salt rejection of GO incorporated polysulfone mixed matrix membrane has been 
reported by Ganesh at al. [17]. With the increasing pH of the feed solution, the 
highest sodium sulfate (Na2SO4) rejection of 72% has been achieved, primarily due 
to the presence of negative charge which were imparted by ionisable functional 
groups present on GO surface. Hu and Mi [16] fabricated GO membrane via layer-
by-layer deposition of GO nanosheets on a polydopamine-coated polysulfone 
support. Prior to the deposition, the GO sheets were crosslinked with 1,3,5-
benzenetricarbonyl trichloride to stabilize as well as to ﬁne tune the charges, 
functionality, and spacing of the GO nanosheets. Despite their relatively low 
rejection (6-46%) of sodium chloride (NaCl) and Na2SO4 salts, the GO incorporated 
membranes possessed permeate ﬂux ranged between 80 and 276 L/m2.h.MPa, 
which is of few orders higher than that of commercial nanoﬁltration membranes.  
While the feasibility of GO for desalination has been witnessed from the above 
mentioned studies, there is still no exploration on the possibility of GO incorporated 
TFN membranes for desalination application. In this study, a new type of TFN 
membrane has been developed by incorporating inorganic GO into PA selective 
layer which formed on top of polyethersulfone (PES) microporous substrate. It is 
anticipated that, through the incorporation of GO during the interfacial 
polymerization of PA selective layer, a salt rejection layer with better and well 
controlled GO functionalities can be obtained. The physico-chemical properties of 
the resultant TFN membrane were characterized and the magnesium sulfate 
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(MgSO4) divalent salt rejection performance was benchmarked with its thin-film 
composite (TFC) counterpart. 
 
2. Experimental  
The following subsections will provide the details of the materials used in GO 
synthesis as well as TFC/TFN flat sheet membrane fabrication. Different methods 
used in characterizing membrane properties will also be described in detail. 
 
2.1. Materials 
Graphite powder from Sigma-Aldrich was used as the starting material for GO 
synthesis. All the chemicals used for the synthesis of GO, i.e. sulfuric acid 
(H2SO4) with 98% purity, sodium nitrate (NaNO3), potassium permanganate 
(KMnO4), hydrogen peroxide solution (30% H2O2) and hydrochloric acid (HCl) 
were purchased from Merck. Polyethersulfone (PES) purchased from Solvay 
Specialty Polymers, USA and Polyvinylpyrrolidone (PVP) from Acros Organic, 
was used to fabricate substrate for TFC and TFN membrane. Trimethylchloride 
(TMC) and piperazine (PIP) were purchased from Sigma-Aldrich and Merck, 
respectively and were used to establish the PA layer. 1-methyl-2pyrrolidone 
(NMP) with purity 99.5% and n-hexane supplied by Merck were used without 
further puriﬁcation. MgSO4 supplied by GCE Laboratory Chemicals were used to 
prepare aqueous salt solution for membrane ﬂux and rejection determination. 
 
2.2.  Synthesis of GO 
GO was synthesized from natural graphite via modiﬁed Hummer’s method. In 
brief, mixture containing 1 g of graphite and 23 mL of H2SO4 was placed inside a 
round bottom flask (250 mL). The solution was cooled down to 0 °C by applying 
salt on ice cube around the round bottom flask for 20 min. Subsequently 0.5 g of 
NaNO3 was added while maintaining the temperature at 0 °C for other 30 min. 
Next, KMnO4 was added into the mixture for every 15 min, while maintaining the 
temperature below 20 °C throughout the addition. After the completion of 
KMnO4, the temperature reaction mixture was slowly raised to 30-40 °C and was 
kept at that temperature for 30 min and followed by the addition of water. Then to 
this suspension, 10 mL of hydrogen peroxide was added drop wised while the 
color change was observed from brown to yellowish brown. At this stage, the 
mixture was allowed to stir for 1 h. The mixture was filtered, washed with 100 
mL of 0.1 M HCl via sonication for 1 h and lastly dried at 60 °C. 
 
2.3. Fabrication of PA-PES TFC and GO/PA-PES TFN membranes 
The PES solution was prepared by dissolving 90 g of PES (18% w/w) together 
with 12.5 g of PVP K30 (2.5% w/w) and 397.5 g of NMP (79.5% w/w) in a 
Schott bottle (500 mL) under constant stirring. The solution was stirred using a 
propeller for 24 h to get a homogeneous polymer solution. Then the solution was 
sonicated for 30 min before it was kept in air-tight condition at room temperature 
for 24 h to remove all the air bubbles. The membrane which has been cast on the 
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glass plate with a glass rod was allowed at room temperature for 30 s before 
undergoing phase inversion process by immerging the casting plate into a bath 
made up of distilled water at room temperature. The glass plate was allowed to 
stay in the bath until the flat sheet membrane is formed and got separated from the 
glass plate. The flat sheet membrane was taken out from the bath and was washed 
thoroughly with water to remove any residual solvent in the membrane.  
The PES membrane was mounted via adhesive tape on the glass plate. Silicone 
rubber and a frame were attached on it to create space for stagnant solution. The PA 
active layer was formed by interfacial polymerization on top of the PES substrate. 
An average 20 mL of aqueous solution containing 2% w/v PIP (20 g PIP in 1000 
mL distilled water) was poured on the membrane until all the membrane surface 
was covered. Later the PIP solution was removed out and was replaced with organic 
(n-hexane) solution containing 0.15 w/v % TMC (1.5 g TMC in 1000 mL n-
hexane). The dipping time in both solutions was set at 45 s each. The interfacial 
polymerization reaction of PIP and TMC on PES membrane results in the formation 
of PA TFC membranes. The TFC membrane was then cured at 60 °C in the oven 
for 10 min. The membrane was thoroughly washed with warm water to remove 
unreacted amines. The GO/PES TFN membranes were fabricated as TFC 
membrane. 0.1 w/v% of GO were dispersed in the TMC solution and incorporated 
into the PA layer during the interfacial polymerization reaction. 
 
2.3. Characterization of GO, PA-PES TFC and GO/PA-PES  
TFN membranes 
Attenuated total reflectance (ATR)-infrared spectroscopy (IR) characterization 
was performed using a Perkin Elmer spectrometer in the wavenumber range of 
4000-400 cm 
-1
. ATR-IR characterization was used to evaluate the chemical 
changes of the TFN and TFC membranes. Powder X-ray diffraction (XRD) 
analysis of GO samples in the 2θ range of 2-40° was carried out using a Bruker 
D8 Advance D8-02/01-378 equipped with a Cu target (40 kV, λ=1.54Å). 
Thermogravimetric characterization (TGA) was carried out using a thermos-
gravimetric analyzer (Mettler Toledo TGA/SDTA 85) operated at a heating rate 
of 20 °C/min at nitrogen atmosphere kept at the ﬂow rate of 50 mL/min. Scanning 
electron microscope (SEM) (HITACHI TM3000 Tabletop microscope) was used 
to investigate surface morphology GO as well as the surface and cross-sectional 
morphology of the resultant TFC and TFNs. All samples were coated with a gold 
layer and examined under an accelerating voltage of 10 kV. For the cross section 
scanning, the membranes were fractured in liquid nitrogen.  Contact angle 
measurements were performed under ambient conditions using contact angle 
meter (Dataphysics OCA 15Pro) to study the hydrophilicity of surfaces of TFC 
and TFN membranes.  
 
2.4. Performance study of PA-PES TFC and GO/PA-PES  
TFN membranes 
Pure water flux, salt permeability and salt rejection of the TFC and TFN membranes 
were evaluated in a dead end flow cell using an applied pressure of ranging from 4-10 
bar.  All permeation experiments were performed using circular membranes with 
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effective area of 14.6 cm
2
 and 1000 ppm of MgSO4 solutions as the divalent salt 
model. Membrane water flux, F was evaluated using the following equation: 
𝐹 =  
𝑉
𝑡 × 𝐴
                      (1) 
where 𝑉  is the permeate volume (L), A is the membrane area (m2) and t is the 
experimental time (h) to obtain V. The solute rejection was calculated using the 
following equation: 
𝑅  =  (1 −
𝐶𝑝
𝐶𝑓
)×100                        (2) 
where Cp and Cf are concentration (ppm) of permeate and feed solution, respectively. 
 
3. Results and Discussion 
The findings obtained from the work will be discussed according to the properties 
of self-synthesized GO and the effect of GO on the properties of TFN membrane 
in the removal process of MgSO4. 
 
3.1. Characterization of GO 
Figure 1 depicts the ATR-IR spectra of graphite and GO. While no significant 
peak is found in graphite, the presence of different types of oxygen functionalities 
in GO after the graphite sheet oxidation was confirmed with the IR spectrum. The 
broad absorption band stretched from 3000 -3700 cm
-1
 can be assigned to the 
stretching vibrations of O-H surface functional groups or the water molecules that 
adsorbed on the GO layers. This absorption band consists of several O-H 
stretching modes, which suggests that the O-H functional groups can exist in the 
forms of tertiary alcohol, phenolic and carboxylic on the GO surface [15]. The 
two sharp peaks appearing at 1723.5 cm
-1
 and 1621.8 cm
-1
 are attributed to the 
stretching vibrations from C=O and cyclic ether (epoxide) linkage as well as for 
bending vibration of water molecule, respectively. Meanwhile the peak at               
1216.9 cm
-1
 is associated to C-OH stretching vibrations and the peak at 1045 cm
-1
 
is due to the C-O stretching vibration [18]. The oxidation of graphite sheets to GO 
was further verified by their XRD patterns as shown in Fig. 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. FTIR spectra of graphite and GO. 
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A prominent peak around 2θ =26.4° in Fig. 2 is corresponded to graphite. 
Upon the oxidation, GO exhibits a sharp diffraction peak around 2θ =10.4°, 
which is the characteristic peak of GO. The interlayer distance of GO is 
calculated as 8.42 Å, which is about 2.5 times larger than that of graphite (3.34 
Å). The increase in this basal plane spacing is due to the functionalization of 
graphite with oxygen-containing groups, which implies the successful oxidative 
conversion of graphite into GO [19]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. XRD patterns of graphite and GO. 
 
The TGA graph in Fig. 3 presents the weight loss of graphite and GO as the 
function of temperature. As expected, graphite exhibits high thermal stability up 
to 800 °C meanwhile few stages of weight loss can be clearly observed from the 
TGA curve of GO.  The weight loss from room temperature to 150 °C is due to 
the evaporation of water molecules that present in the GO matrix. On the other 
hand, the significant weight loss around 200 °C can be caused by pyrolysis of the 
oxygen-containing functional groups, generating CO, CO2 and stream [20]. It is 
also observed that the mass of GO gradually decreases up to decomposition 
temperature of 800 °C.  
The SEM micrographs of graphite and GO are provided in Fig. 4. Graphite 
appeared as granular isotropic morphology with no preferred orientation apparent 
in the SEM image. On the other hand, at lower magnification of 10K, the GO was 
observed as a material with randomly aggregated, thin, crumpled flakes closely 
associated with each other to form a disordered solid. From the SEM image with 
magnification of 25K, thinner sheets of GO can be observed as layered structure. 
GO  sheets  have  relatively  large  surface  with  the  edge  of  sheets about the 
size of micrometers. Such sheets are folded or continuous at times and it is 
possible to distinguish the edges of individual sheets, including kinked and 
wrinkled areas [21]. These observations indicated exfoliation of graphite during 
the oxidation process. 
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Fig. 3. TGA curve of graphite and GO under                                                         
N2 atmosphere at a heating rate of 10°C/min. 
 
 
 
 
 
 
 
 
 
 
 
                          (a)                                                                (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) 
 
Fig. 4. SEM images of (a) graphite and (b) GO at magnification                                    
of 10,000× (c) GO at magnification of 25,000×. 
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Figure 5 shows the surface and cross sectional SEM images of PA-PES TFC 
and GO/PA-PES TFN. The surface morphology of both samples is in good 
agreement with the typical characteristic of PA thin ﬁlm top layer that consists of 
ridge-and-valley morphology. These ridge-and-valley structures are attributed to 
the top PA layers [23].  
The cross sectional images of PA-PES TFC and GO/PA-PES TFN reveal that 
the incorporation of GO in the PA rejection layer during the interfacial 
polymerization process has altered the surface properties of the PA layer. Upon 
the incorporation of GO, more network-like structures appeared at the PA layer, 
which in turn suggested that the membrane microstructure can be affected by the 
incorporation of GO. During the interfacial polymerization, the presence of GO 
might have disrupted the interaction between PIP and TMC, consequently the 
chemical structure of the PA layer. According to Fig. 6, the surface roughness of 
the membrane decrease from Ra=97.8nm to Ra=10.04nm after the addition of 
nanoparticles. This is in agreement with Rajaeian et al. [24] which observed a 
smooth morphology upon the addition of nanoparticles and indicates their 
distribution on the membrane surface so that the peak-to-valley structures of the 
membrane surface are filled with nanoparticles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. SEM surface (magnification of 10K) and cross sectional images 
(magnification of 2,500) of (a) PA-PES TFC and (b) GO/PA-PES TFN                
(Inset shows the cross sectional image at 10,000 magnification). 
 
The contact angle measurement revealed that the contact angle of PA-PES 
TFC is ca. 30
 
± 2.9
o
 whereas with the incorporation of GO at the PA rejection 
layer, the contact angle of the GO/PA-PES TFN has reasonably reduced to ca. 
24± 1.4
o
. The expected decrease in the contact angle implies the improvement 
of the TFN surface hydrophilicity upon the introduction of GO. This 
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phenomenon can be attributed to the following aspects. Firstly, the abundant 
hydrophilic hydroxyl groups that attached on the GO surface can favourably 
form strong hydrogen bond interaction with the water molecule to improve the 
hydrophilicity of the GO/PA-PES TFN membrane [25]. Secondly, the 
incorporation of GO may disrupt the interfacial polymerization to certain extend 
where partial of the acyl chloride groups in TMC remained on the surface 
without reacting with amine groups, the hydrolysis of acyl chloride may also 
take place and generate more carboxyl acid functional groups that further 
increase the surface hydrophilicity [26]. 
           
                             (a)                       (b) 
Fig. 6. 3D AFM images for (a) PA-PES TFC and                                                      
(b) GO/PA-PES TFN membranes. 
 
3.2. Performance evaluation of PA-PES TFC and GO/PA-PES TFN 
       membranes  
The separation performance of the PA-PES TFC and GO/PA-PES TFN 
membranes was examined by using MgSO4 as a representative divalent salt 
model. MgSO4 is a common divalent salt that is widely used and occurs to have 
high rejection on NF membranes [27, 28]. The separation performance of the 
membranes in term of permeate water flux and MgSO4 rejection under applied 
pressure of 4-10 bar is compared and the results are shown in Fig. 7.   
The maximum permeate water flux of PA-PES TFC and GO/PA-PES TFN 
membranes under the studied conditions was recorded as 1.7 and 4.8 Lm
-2
h
-
1
bar
-1
, respectively. Under all applied pressures, the water permeate flux of 
GO/PA-PES TFN has been notably increased compared to that of PA-PES TFC, 
where maximum of 140% enhancement has been observed at 8 bar of applied 
pressure. The significant improved water permeability can be ascribed to the 
two-dimensional channels formed between the stacked between GO layers that 
provided primary passages for water transport. Furthermore, due to the 
distortions from high proportion of sp
3
 C-O bonds, the formation of amorphous 
regions with nanoscale wrinkles and structural defects in the basal plane of GO 
sheets could also further facilitate the transport of water molecule, hence 
improve the water flux [29]. 
As shown in Fig. 7(b), the MgSO4 salt rejection of both thin film membranes 
gradually dropped with the increasing applied pressure. Upon comparison, it was 
found that the salt rejection of GO/PA-PES TFN membranes ranged between 76 
and 83% was slightly lower than that of PA-PES TFC membranes that ranged 
between 86 and 88%. Although it has been pointed out that negative charges can 
Ra=97.8nm 
ca.=30 ± 2.9o 
Ra=10.04nm 
ca.=24± 1.4o 
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be imparted by the ionisable functional groups that present on GO surface to 
promote higher salt rejection particularly at elevated pH [17], such improvement 
was not observed in the current study mainly attributed to the threshold GO 
loading of 0.1% used. However, it is believed that by adjusting the GO loading 
and the thin film synthesis protocol, both water ﬂux and salt rejection 
performance can be further improved. When compared with other published 
studies as listed in Table 1, the incorporation of GO in TFN membrane in the 
current study shows relatively good performance in terms of water permeability 
with stable MgSO4 rejection. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. (a) Water permeate flux and (b) MgSO4 rejection of                                              
PA-PES TFC and GO/PA-PES TFN in 1000 ppm MgSO4 solution                                
as a function of operating pressure. 
 
Table 1. Comparison of current composite membrane with commercially 
available membrane (Dow-Filmtec NF90 and Nitto-Denko NTR-7450) and 
other self-fabricated NF membrane (PES-5% Fe3O4 and PES-10% Fe3O4). 
Membrane PWP 
(L/m2
h bar) 
MgSO4 
rej. (%) 
Operating 
pressure 
(bar) 
MgSO4 
conc. (ppm) 
Ref. 
PA-PES TFC 1.7 86.3 4 1000 Current  
GO/PA-PES TFN 4.8 83.2 4 1000 
Dow-Filmtec NF90 6.7   97 4.8 2000 [30] 
 Nitto-Denko NTR-7450 10.9 48 10 1000 
PES-5% Fe3O4 4.9 45 10 2000 [31]  
PES-10% Fe3O4 11 20 10 2000  
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4. Conclusions 
TFN membranes with GO embedded into the PA selective top layer has been 
developed for salt removal. The presence of GO at the selective layer has altered the 
morphological structure of the PA layer and increased the surface hydrophilicity of 
the TFN. The permeate water flux of GO/PA-PES TFN has been improved 
compared to that of PA-PES TFC, where maximum of 140% enhancement has been 
observed. The results indicated that the permeate water flux of the fabricated TFN 
can be significant increased with the presence of GO. Despite the slight decline of 
the MgSO4 salt rejection, compared to the other well established carbon-based 
nanomaterials such as carbon nanotubes, the inexpensive GO materials oﬀ er new 
opportunities to modify the physic-chemical properties, hence enhance the salt 
separation performance of TFN polyamide membranes, particularly in term of 
permeate water flux. The findings of this study can provide valuable guidance for 
the design and manufacture of graphene-base RO membranes for effective salt 
removal. It is also expected that, the surface functionalization of GO through 
reactions such as amination and silylation can serve as a feasible strategy to 
properly engineer the nanostructure of stacked GO nanosheets as well as alter the 
surface charges of the membrane so that desirable salt removal performance can be 
achieved. Additional work is needed to verify such possibilities and the scopes are 
currently under investigation. 
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